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Electronic Structure of the  X 1Σ+ Ion Core of CaF Rydberg States 
• An electron-density-difference plot comparing isolated Ca+2 and F-1 ions with the 
CaF+ ab-initio density shows s-d mixing at Ca, andnear spherical symmetry at F. 
The unexpected result (s-d not s-p) is interpreted in terms of the electronic states 
of Ca+.  
• The transition from ionic Ca+2F-1 to dissociating Ca+ F0 is determined from ab-
initio and from the harpooning model. The transition is at half the distance seen 
in  KF, understandable because of the higher Ca charge. 
• Molecular and atomic polarizabilities, are determined,and a Rydberg effective 
potential is constructed. CCSD(T) bare and perturbed core ab-initio calculations,  
predictions of effective potential models, and experimental data are compared.  
• Potentials are optimized to match ab-initio point-charge perturbed energies. Ab-
initio results cannot be captured by a two-center potential withuout modification, 
nor by a multipole expansion without anisotropic polarizability. 
• The two-center F atomic polarizability  show strong variation with R for F anion, 
and little variation for Ca. This result makes sense in terms of exchange and 
overlap repulsion, but is much different from molecular dynamics force fields 
(except for step-wise ab-initio (AIMD) as in Martina Havenith’s talk) 
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Preview 
2 
Electron density difference 
CaF+ - (Ca+2+F-1) 
Difference in electron density 
between non-interacting Ca+2 + 
F-1 and CaF+ computed by all-
electron CCSD (orange  for 
excess electron density 
compared to the non-interacting 
ions, green for decreased 
density). Ca at ↓ F at  . 
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s+d 
Ca F 
Bonding Electron Density in CaF+ 
The excess charge near Ca+2 has the shape of a saturated mixture of the two lowest electronic 
states of Ca+1, populating 4s and 3d orbitals.  
The Ne-like fluorine anion remains approximately spherical in the bonded environment but 
loses charge to the empty and nearly iso-energetic Ca 4s and 4d orbitals. The outer ring of 
excess charge between Ca and F also indicates the involvement of d-orbitals on the Ca, so that 
the usual charge – quadrupole interaction with pi clouds (quadrupole from F π orbitals). 
Charge is leaking from F(-1) to the field-gradient-mixed (s-d) unoccupied 3d orbital on Ca(+2). 
The s-d electron density trapped between Ca and F is like to the shape resonance seen in the 
lifetime matrix result from MQDT. indicative of mixing with the dissociation to Ca+1 F0. 
The order of the orbitals and filling of the d-shell is sensitive to environment. The atomic levels give 
the order of energy of the available orbitals in the approach to Ca+1 from  Ca+2 
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Atomic levels of atomic Ca: neutral, +1, +2 charges  
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The capture range and strength of ionic bonding. (A) The “harpooning” or Rittner model plot compares 
Ca+2F-1 and isoelectronic s K+1F-1  to (Ca+1 /K0) F0. Coulomb binding is greater for ions than for 
neutrals (KF versus Ca+2F-1) because the attraction increases as (Z+1) where Z is the total charge of the 
ion.   (B) Ab-initio CCSD(T)  (dipole moment (Ca origin) / R) approximate the charge on F and shows 
the transition between anion and neutral F configurations again with a transition near 6.5 a0.;  
 
All-electron ab-initio by Giese and York show that molecular polarizability has a huge peak in 
the transition region, nearly 1000 times the bonded value. 
(A) (B) 
Dissociation of CaF+ to neutral F (Harpooning / Rittner plot) 
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 (A) Dipole-dipole polarizability of the fluorine anion in a uniform electric field (CCSD(T), 
basis d-aug-cc-pV5Z, CFOUR). The field computed at F-1 from Ca+2 exceeds the electron 
affinity of F, and yet the molecule is ionic with a center of mass dipole moment of  -3.36 e·a0 
(-8.54 D). (B) The free F- polarizability becomes anisotropic in a biasing field.  The zero-field 
polarizablity is 16.20 a0
3/(4πε0).  
(A) (B) 
Fields in an ionically-bonded molecule are extremely high 
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The full two-center model cannot match all ab-initio results 
Dipole and quadrupole are matched by adjusting 
parameters, but not the octopole, and not the CaF+ 
anisotropic dipole polarizability (next slide).    
R R R 
R-dependence of the 
invariant quadrupole is 
affected by feedback. 
(R derivatives are 
determined in a QDT fit 
from vibrational levels.) 
Matched Not Matched New R-dependence 
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e. AJR std.
KF (15.86) KF (3.49) 
Lambda states mostly 
perpendicular to rotation axis (at 
left) sample more parallel 
polarizability and vice-versa 
(right). This allows an 
experimental determination of 
anisotropy. 
Molecular polarizabilities: Istropic and anisotropic  
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Inferred atomic polarizabilities of Ca+2 and F-1 in  CaF+ 
For the compact Ca+2 ion, the pby is essentially constant. For the F-1 anion, approach 
to the Ca quenches the polarizability of the anion. This is more consistent with the 
quantum-mechanical picture than the Thole derating of polarizabilty at short 
distance used in molecular mechanics. 
Thole, B.T.(1981), Molecular polarizabilities calculated with a modified dipole interaction. Chemical Physics. 59(3): p.  341-350,  DOI: 10.1016/0301-
0104(81)85176-2. 
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L   Origin (location relative to midpoint) 
COC 
(-3.989) 
Ca 
(-1.77) 
COM 
(-0.629) 
COQ1 
(-0.489) 
Midpoint 
(0) 
COα 
(0.046) 
F 
(1.77) 
                             multipole series coefficients 
0 1 1 1 1 1 1 1 
1 0 -2.219 -3.3597 -3.4997 -3.989 -4.035 -5.759 
2 -12.248 -7.3237 -0.96031 0 3.6646 4.032 20.919 
3 -90.649 -20.041 -5.1246 -4.9216 -7.5528 -8.082 -70.049 
4 -524.63 -57.63 -8.5 -5.7059 5.6251 7.058 226.28 
5 -2807 -165.31 -9.4 -4.4346 -3.2903 -4.742 -706.04 
Origin-dependence of the static multipoles of the ion core.  R=3.54 a0. 
CCSD(T) The multipole series coefficients becomes divergent at lower 
L when the origin is outside the molecule..  
Origin dependence of multipole expansion coefficients in  CaF+ 
Development of an effective potential that matches ab-initio test-charge data can be based on 
the single-center multipole expansion, on the two-center model or on some more elaborate 
potential.  The general accuracy of the 2-ctr model is good, as shown here, but can be 
examined in more detail. 
Find the best approximation to ab-initio Rydberg CaF+ 
Difference between ab-initio test charge results and 2-ctr potential. 
The error looks like C3,0/r
4. This is the signature of an octopole. The octopole 
moment is not matched exactly by the 2-ctr potential. 
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Best approximations of the ab-initio Rydberg potential 
Two good representations, one based on an 
enhanced multipole series, the other on a 
two-center potential. 
Not so good at COM, 
which is displaced from the 
“center of polarizability” 
augumented 2-center augumented 1-center COM 1-center 
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For the R=3.54, r=(15,20,30) ab-initio data, the accuracy of an optimized single-center 
DQO+α approximation varies with origin.   
Although the molecular alpha value is found to be independent of origin, as expected from 
theory, the distances and angles in the expansion depend on origin.  
This effective origin for dipole-dipole polarizability is electrically determined, and 
corresponds to the location at which the L=1 (Q1
(A)) part of  the dipole-quadrupole 
polarizablity vanishes, as shown in part (b) of the figure. The (Q1
(A)=0) point is only 0.03 a0 
above the bond midpoint in this case. 
Accuracy of series to 1/r4 Best accuracy: zero the omitted term. 
Accuracy is best when omitted terms are minimized by origin choice 
Summary 
Polarization in CaF+ has an 
unusual structure that makes the 
Rydberg potential more complex.  
Anion polarizability is 
smoothly quenched by 
interaction with 
closed-shell Ca(+2), 
not suddenly cut-off. 
Matching ab-initio 
values requires a 
combination of static 
terms and polarizability, 
and the correct origin. 
Values of invariants of the multipole expansion 
center of 
dipole 
center of 
charge 
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